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A Role for BMP Heterodimers in
Roof Plate-Mediated Repulsion
of Commissural Axons
results in the misrouting of motor axons in C. elegans
(Colavita et al., 1998).
A role for BMPs in axonal guidance in vertebrates has
emerged from studies of commissural axon trajectories
in developing spinal cord. Many commissural neurons
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differentiate adjacent to the roof plate at the dorsal mid-New York, New York 10032
line of the spinal cord and extend axons ventrally (Holley,
1982; Dodd et al., 1988). Signals derived from the floor
plate contribute to the ventral trajectory of commissural
Summary
axons (Colamarino and Tessier-Lavigne, 1995). Never-
theless, the early phase of commissural axon extension
During spinal cord development, commissural neu- appears to be independent of floor plate-derived attrac-
rons extend their axons ventrally, away from the roof tant cues, since commissural axons project ventrally in
plate. The roof plate is the source of a diffusible repel- the absence of a floor plate (Yamada et al., 1991; Placzek
lent that orients commissural axons in vitro and, thus, et al., 1991; Bovolenta and Dodd, 1991; Hatta et al.,
may regulate the trajectory of commissural axons in 1991). Moreover, in mice mutant for the floor plate-
vivo. Of three Bmps expressed in the roof plate, BMP7, derived chemoattractant Netrin-1 or the Netrin-1 recep-
but not BMP6 or GDF7, mimics the roof plate activity tor subunit DCC, the navigation of commissural axons
in vitro. We show here that expression of both Bmp7 in the dorsal half of the spinal cord is unperturbed (Sera-
and Gdf7 by roof plate cells is required for the fidelity fini et al., 1996; Fazeli et al., 1997).
of commissural axon growth in vivo. We also demon- The initiation of ventral growth of commissural axons
strate that BMP7 and GDF7 heterodimerize in vitro may be mediated by a chemorepellent signal emanating
and that, under these conditions, GDF7 enhances the from the roof plate. In vitro studies have shown that the
axon-orienting activity of BMP7. Our findings suggest roof plate is the source of a diffusible repellent activity
that a GDF7:BMP7 heterodimer functions as a roof that orients commissural axons in explants and that this
plate-derived repellent that establishes the initial ven- repellent activity can be blocked by antagonists of BMPs
tral trajectory of commissural axons. (Augsburger et al., 1999). At the time that commissural
axon extension is initiated, Bmp6, Bmp7, and Gdf7 are
expressed in the rodent roof plate (Lee et al., 1998;Introduction
Augsburger et al., 1999). BMP7 can mimic the repellent
activity of the roof plate on commissural axons in ex-The orientation of growth cones by chemorepulsion has
plants in vitro, whereas BMP6 has only a low level ofemerged as a prominent mechanism of axon guidance
repellent activity, and GDF7 is inactive. Moreover, BMP7in the developing nervous system (Tessier-Lavigne and
elicits commissural growth cone collapse, illustratingGoodman, 1996; Mueller, 1999). Members of the Sema-
the direct nature of its action. Roof plate tissue isolatedphorin, Ephrin, Netrin, and Slit families have been shown
from Bmp7 mutant mice exhibits a marked reduction into act as chemorepellents of developing neurons in both
roof plate-repellent activity in vitro (Augsburger et al.,vertebrates and invertebrates (Yu and Bargmann, 2001;
1999). Together, these findings suggest that BMPs canDickson, 2002). Despite these advances, the range of
act as axon guidance signals that contribute to themolecules that serve as axonal chemorepellents and
chemorepellent activity of the roof plate.their contribution to the guidance of axons in vivo remain
However, several aspects of the mechanisms of BMPincompletely understood.
chemorepellent action remain unresolved. First, the rela-One class of molecules implicated in the guidance of
tive contributions of the three Bmps coexpressed in theaxons is the TGF- family. In addition to their more
roof plate to its chemorepellent activity have not beenestablished functions in cell differentiation and survival
determined. BMP6 is structurally related to BMP7 (Gitel-(Hogan, 1996), members of the TGF- family of secreted
man et al., 1997), and these proteins as well as the morefactors may have roles in the local control of cell move-
divergent family member GDF7 have similar activities inment and growth cone orientation. TGF- family mem-
neuronal induction assays (Lee et al., 1998, 2000; Alder
bers, in particular the bone morphogenetic proteins
et al., 1999). Thus, these BMPs may have functionally
(BMPs), elicit rapid chemotactic behavior in peripheral
overlapping, redundant, or complementary roles within
blood monocytes and polymorphonuclear leukocytes the roof plate. Second, it is unclear whether roof plate
(Cunningham et al., 1992; Postlethwaite et al., 1994). BMPs interact. The coexpression of the three Bmps
Moreover, activin A acutely modulates voltage-sensitive in roof plate cells and the potential for BMPs to form
calcium channels and calcium entry in endocrine cells heterodimers (D’Alessandro et al., 1994; Aono et al.,
(Katayama and Conn, 1994; Mogami et al., 1995), pre- 1995; Suzuki et al., 1997a; Chang and Hemmati-Brivan-
sumably through the local activation of juxtamembrane lou, 1999) raise the issue of whether BMPs function
second messenger systems. In addition, the loss of as heterodimers or homodimers in commissural axon
unc129, a gene that encodes a TGF- family member, orientation. Third, the contribution of BMP chemorepel-
lent activity to the guidance of commissural axons in
vivo has not been examined.*Correspondence: jd18@columbia.edu
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To address these issues, we have analyzed roof plate-
repellent activity in mice lacking Bmp7, Bmp6, and Gdf7
alone and in pair-wise combinations. We show that both
Gdf7 and Bmp7 but not Bmp6 are required for the ability
of the roof plate to orient commissural axons, despite
the inactivity of GDF7 as an agonist in vitro. Moreover,
biochemical analysis provides evidence that GDF7 and
BMP7 heterodimerize, and we show that the hetero-
dimer is more potent than the BMP7 homodimer in com-
missural axon repellent activity. Finally, we show that
Bmp7 and Gdf7 are required for the fidelity of the initial
trajectory of commissural axons in vivo. Together, these
results suggest that a GDF7:BMP7 heterodimer medi-
ates roof plate chemorepellent activity and that this ac-
tivity guides the initial trajectory of commissural neurons
in the developing spinal cord.
Results
Elimination of Bmp7 or Gdf7 Blocks the Orienting
Activity of the Roof Plate
To determine the contribution of Bmps expressed in the
roof plate to the repulsion of commissural axons, we
isolated roof plate explants from wild-type, Bmp7/,
Bmp6/, or Gdf7/ mutant mice and from
Bmp6/;Bmp7/ and Gdf7/;Bmp7/ double mutants,
and compared their ability to reorient commissural ax-
ons in rat dorsal spinal cord explants in vitro (Augsburger
et al., 1999). Roof plate tissue from wild-type mice
evoked a deflection of commissural axons of 27 (mean
angle of deflection; Figures 1A–1C and 1P; see figure
legends for detailed quantitation), whereas roof plate
explants from Bmp7/ mice exhibited a greatly reduced
ability to deflect axons, with a mean angle of deflection
of 9 (Figures 1G–1I and 1P; see also Augsburger et al.,
1999). Roof plate explants derived from Bmp6/ mice
elicited commissural axon deflection with an activity
similar to that of wild-type (mean angle of deflection,
26 (Figures 1D–1F and 1P). The roof plates from
Bmp6/;Bmp7/ embryos had a reduced orienting ac-
tivity (mean angle of deflection, 13; Figure 1P) that was
not significantly different from that observed in Bmp7/-
derived roof plates. These results provide evidence that
Bmp6 is not required for roof plate-derived axon reori-
enting activity.
In contrast, elimination of Gdf7 reduced the axon re-
orienting activity of the roof plate to the same extent as
with wild-type by Student’s t test, p  0.0001). Bmp6/ roof plate
explants caused an angle of deflection of 26.1  1.7 SEM (n 
Figure 1. Elimination of Bmp7 or Gdf7 from the Roof Plate Blocks 31), which is not statistically different from that of wild-type roof
the Ability of a Roof Plate Explant to Reorient Commissural Axons plates (p 0.6). Bmp6/;Bmp7/ roof plates deflected commissural
(A–O) Phase contrast, fluorescent micrographs, and computer trac- axons by 13.0  2.2SEM (n 18), an angle not statistically different
ings of commissural axons in TAG-1-labeled (green) explants of rat from that evoked by Bmp7/ roof plates (p 0.2). Gdf7/ roof plate
dorsal spinal cord (dsc) with mouse roof plate (RP) adjacent to explants caused an angle of deflection of 8.2  1.4 SEM (n  26;
one end of the dorsal spinal cord explant. Commissural axons are probability of similarity with wild-type, p  0.0001), and roof plate
reoriented by wild-type roof plate explants (A–C) and Bmp6/ explants taken from Gdf7/;Bmp7/ double mutants caused an
(Bmp7/) roof plates (D–F) but are not reoriented by Bmp7/ roof angle of deflection of 6.0  2.5 SEM (n 6; probability of similarity
plate (G–I), Gdf7/ roof plate (J–L), or Bmp7/;Gdf7/ roof plate with angles evoked by roof plates from Bmp7/ or Gdf7/, p 0.4,
(M–O). and p  0.4, respectively). Angles of commissural axon orientation
(P) Wild-type roof plate explants caused an angle of deflection of were measured and statistical tests performed as described in Augs-
26.6  1.4 SEM (n  19), whereas Bmp7/ roof plates evoked an burger et al., (1999).
angle of deflection of 9.3  1.9 SEM (n 23; probability of similarity Scale bar, 100 	m.
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Figure 2. Analysis of Roof Plate Properties in Wild-Type and Mutant Mice
(A–T) In situ hybridizations on stage E12 wild-type (A–E), Gdf7/ (F–J), Bmp7/ (K–O), and Gdf7/;Bmp7/ (P–T) dorsal spinal cord sections.
Msx1 and Bmp6, present in the roof plate ([A], [F], [K], [P] and [B], [G], [L], [Q], respectively), and Math1, a marker for dorsal progenitor neurons
(E, J, O, and T), are expressed at comparable levels in wild-type, Gdf7/, Bmp7/, and Gdf7/;Bmp7/ sections. Bmp7 is expressed at
similar levels in Gdf7/ and wild-type sections (H and C), and Gdf7 is expressed normally in Bmp7/ sections (N). Scale bar, 25 	m.
elimination of Bmp7. The mean angle of deflection by rect effect of these Bmps on the other secretory proper-
ties of the roof plate. These findings extend studiesGdf7/ roof plates was 8 (Figures 1J–1L and1P). This
observation provides genetic evidence that Gdf7, which showing that Bmp expression and the identity of the
roof plate is normal in Gdf7/ mutant mice (Lee et al.,is inactive in commissural axon reorientation when ex-
pressed in COS cells in vitro, is required, in addition to 1998).
Bmp7, for the chemorepellent activity of the roof plate.
To determine whether Bmp7 and Gdf7 function indepen- GDF7 and BMP7 Can Form Heterodimers
in COS Cellsdently or coordinately to produce the repellent activity
of the roof plate, we assayed roof plate explants from BMPs function as dimers. Although considerable atten-
tion has been focused on their biological roles as homo-Gdf7/;Bmp7/ mutant embryos. The roof plate of
these double mutants had a low repellent activity that dimers, individual BMPs can form heterodimers with
related family members (D’Alessandro et al., 1994; Aonowas not significantly different from that of roof plate from
either Bmp7/ or Gdf7/ single mutant (mean angle et al., 1995; Israel et al., 1996; Suzuki et al., 1997a; Chang
and Hemmati-Brivanlou, 1999), raising the possibilityof deflection, 6; Figures 1M–1P). The similarity of the
phenotype of the single mutants and the Gdf7/; that such heterodimers function in vivo. The lack of
activity of GDF7 in commissural axon reorientation inBmp7/ double mutant suggests that Bmp7 and Gdf7
act coordinately rather than independently in the repel- vitro together with the coexpression of Bmp7 and Gdf7
in the roof plate suggests that the codependence oflent activity of the roof plate.
We next examined whether the roof plate and adjacent BMP7 and GDF7 stems from the existence and activity
of GDF7:BMP7 heterodimers. To determine whethertissue develop normally in Bmp7/ and Gdf7/;Bmp7/
mice. The expression of Msx1, a roof plate marker (Liem GDF7 and BMP7 can form heterodimers, we expressed
cDNAs encoding myc-tagged versions of these proteinset al., 1995, 1997) (Figures 2F, 2K, and 2P); Math1, a
marker of commissural neuron progenitors (Helms and in COS cells, alone or together, and assayed the super-
natants for the presence of BMP heterodimers by coim-Johnson, 1998; Lee et al., 1998) (Figures 2J, 2O, and
2T); and of the roof plate Bmps that were not ablated munoprecipitation with antibodies that recognize ma-
ture GDF7 but not BMP7 protein (see below).genetically (Figures 2G–2I, 2L–2N, and 2Q–2S) was simi-
lar to that in wild-type embryos (Figures 2A–2E). This GDF7 and BMP7 proteins were distinguishable by
their electrophoretic mobility, as shown by Westernresult suggests that the loss of chemorepellent activity
by Gdf7/ and Bmp7/ roof plate is not due to an indi- analysis with 
-myc and 
-GDF7 antibodies (Figures 3A
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Figure 3. GDF7 and BMP7 Are Secreted as
Heterodimers from Cells that Express Both
(A and B) Western blots of supernatants from
COS cells transfected with pMT23 (vector
control), Bmp7, or Gdf7, each alone, or both
Bmp7 and Gdf7 probed with an 
-myc anti-
body (A) or with an 
-GDF7 antibody (B).
(A) BMP7 (approximately 18 kDa) and GDF7
(approximately 15 kDa) were secreted ro-
bustly when expressed separately and at re-
duced levels when expressed together.
(B) The 
-GDF7 antibody is specific for GDF7;
neither BMP7 nor other products secreted
from COS cells were labeled.
(C) A Western blot of the products of immuno-
precipitation with 
-GDF7, of the supernatants shown in (A). The blot was probed with 
-myc antibody. BMP7 was immunoprecipitated only
when coexpressed with GDF7. As a further control, we tested whether 
-GDF7 antibodies could precipitate BMP7 from the supernatant of
mixtures of COS cells that express Bmp7 with those expressing Gdf7. BMP7 was not immunoprecipitated from this control supernatant (data
not shown).
and 3B). Only GDF7 was labeled with 
-GDF7 antibodies consisting of 50:50 mixtures of Bmp7-expressing and
control COS cells evoked a mean angle of deflection of(Figure 3B), even though BMP7 was expressed abun-
dantly (Figure 3A). Similarly, GDF7 was immunoprecipi- 25 (Figures 4G–4I, and 4P). When Bmp7-expressing
COS cells were mixed 50:50 with Gdf7-expressing COStated from supernatants of COS cells expressing GDF7
(Figure 3C). No specific immunoreactivity was recovered cells, commissural axons were deflected by 24 (Figures
4J–4L and 4P), a value that is not significantly differentfrom the supernatant of control COS cells or COS cells
expressing Bmp7 (Figure 3C). In contrast, BMP7 was from that of the Bmp7:control 50:50 aggregate. Similarly,
a 10:90 ratio of Bmp7-expressing COS cells to Gdf7-coprecipitated with 
-GDF7 from the supernatant of COS
cells cotransfected with both Bmp7 and Gdf7 cDNAs (Fig- expressing COS cells deflected commissural axons to
the same extent (mean angle, 13; Figure 4P) as a 10:90ure 3C), indicating the formation of a GDF7:BMP7 het-
erodimer. It was not possible directly to determine the mixture of cells expressing Bmp7 and vector control
(mean angle, 14, Figure 4P). Thus, the presence of theexistence of the BMP protein species in the roof plate
because of the limited amount of tissue and the lack of GDF7 homodimer does not appear to influence the activ-
ity of the BMP7 homodimer when the two are expressedeffective 
-BMP7 antibodies. Nonetheless, our results
suggest that the GDF7:BMP7 heterodimer is likely to be by distinct cells.
In contrast, in DNA-mixing experiments, COS cellsproduced by roof plate cells.
cotransfected with equal amounts of Gdf7 and Bmp7
cDNAs reoriented commissural axons with an angle ofExpression of GDF7:BMP7 Heterodimers
Enhances Repellent Activity 47 (Figures 4M–4O and 4Q), a value that was signifi-
cantly higher than that observed in sister explants ex-In several in vitro assays, BMP heterodimers display
activity greater than that of either relevant homodimer posed to COS cells cotransfected with equal amounts
of Bmp7 and control vector cDNA (Figure 4Q). Thus,(D’Alessandro et al., 1994; Aono et al., 1995; Israel et
al., 1996; Suzuki et al., 1997a). In commissural axon under conditions of GDF7:BMP7 heterodimer formation
(see Figure 2A), COS cell aggregates exhibited a veryreorientation, however, the GDF7 homodimer is inactive.
To determine whether the GDF7:BMP7 heterodimer has high level of axon-orienting activity.
To assess whether the enhanced chemorepellent ac-chemorepellent activity and to examine the possibility
that it is more active than the BMP7 homodimer, we tivity of cells expressing the GDF7:BMP7 heterodimer
represents an increase in specific activity, we examinedcompared the repellent activities of COS cell aggregates
consisting of cells expressing either Gdf7 or Bmp7, of the relative levels of protein expressed by singly or co-
transfected COS cells and compared directly the activitymixtures of cells expressing Bmp7 with those express-
ing Gdf7, and of cells cotransfected with both Bmp7 of equal amounts of BMP7 protein expressed as homo-
dimers or under heterodimer conditions. Protein concen-and Gdf7.
Cell-mixing experiments were used to determine tration was assessed on Western blots using densitome-
try to measure the net pixel intensities of 
-myc-labeledwhether GDF7 and BMP7 act cooperatively when both
are present as homodimers. As previously shown, com- BMP bands. In six experiments, the level of BMPs in
supernatants of COS cells transfected with Bmp7 alonemissural axons exposed to COS cell aggregates ex-
pressing Gdf7 alone responded with a mean angle of was up to 10-fold greater than that in the supernatants
of sister cotransfected COS cells cultures analyzed ondeflection of 4 (Figures 4D–4F and 4P), a value not
significantly different from control, whereas commis- the same blots (mean 5-fold; see Figure 5A). Similarly,
the mean level of GDF7 expressed as a homodimer wassural axons exposed to COS cell aggregates comprising
only cells expressing Bmp7 were deflected by 30 (Fig- 5-fold higher than that of the GDF7:BMP7 heterodimer
(Figure 5A). We therefore normalized the level of BMP7ure 4P). When control COS cells were mixed into the
aggregate, the reduction in the contribution of Bmp7- protein expressed alone to the level expressed after
Gdf7 and Bmp7 cotransfection (Figure 5A). Under theseexpressing cells resulted in a graded decrease in the
mean angle of commissural axon deflection. Aggregates conditions, COS cells expressing BMP7 alone caused
GDF7:BMP7 Heterodimers in Axon Guidance
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Figure 4. Coexpression of GDF7 and BMP7 Enhances the Response of Commissural Axons to Either BMP
(A–O) Phase contrast, fluorescence micrographs, and computer tracings of commissural axons in dorsal spinal cord explants (dsc), labeled
with 
-TAG-1 (green) antibodies, and appended COS cells expressing BMPs and labeled with 
-myc antibodies (blue). (A)–(O) show the
response of commissural axons to aggregates of COS cells comprising the following: (A–C) COS cells expressing pMT23 (CON) alone; (D–F)
COS cells expressing Gdf7 alone; (G–I) a 50:50 mix of pMT23- and Bmp7-expressing COS cells; (J–L) a 50:50 mix of Gdf7- and Bmp7-
expressing COS cells; (M–O) COS cells producing GDF7:BMP7 heterodimers after cotransfection of equal quantities of Gdf7 and Bmp7 cDNAs.
(P) Mixed aggregate experiment. Quantitation of commissural axon deflection caused either by COS cells expressing Bmps alone or mixtures
of COS cells expressing individual Bmps. Commissural axons were not affected by aggregates made from cells transfected only with pMT23
(control, angle of deflection, 2.6  1.3 SEM, n  15). COS cells expressing Gdf7 alone caused an angle of deflection of 3.7  1.5 (n 
10), a value not significantly different from control (p  0.01). In contrast, COS cells expressing only Bmp7 reoriented axons by 30.1  1.3
(n  30). When the aggregate consisted of a 50:50 mixture of COS cells from dishes transfected with pMT23 or Bmp7, the angle of deflection
was 25.1  1.4 SEM (n  31). A similar angle of deflection (24.4  1.4 SEM, n  33) was obtained when the pellet constituted a 50:50 mix
of BMP7- and GDF7-producing cells. This angle was not significantly different from the angle obtained with COS cells expressing Bmp7:pMT23
(p  0.4). When the ratio of COS cells expressing Bmp7 to cells expressing Gdf7 or pMT23 was reduced 9-fold, there was no significant
difference (p  0.3) in the resulting angles of deflection (13.8  1.2 SEM, n  26 and 13.0  1.3 SEM, n  30, respectively). Brackets
indicate the comparable values for angles evoked by BMP7 alone or in the presence of GDF7.
(Q) Coexpression experiment. Quantitation of deflections caused by COS cells expressing Bmps alone or coexpressing Bmp7 and Gdf7. When
the COS cell aggregate consisted entirely of cells transfected with only 2 	g pMT23 cDNA, commissural axons were not reoriented, angle of
deflection 1.3  0.7 SEM (n  36). COS cells cotransfected with 1 	g each of Bmp7 and pMT23 cDNA caused an angle of deflection of
24.7  1.4 SEM (n  52). When COS cells were cotransfected with 1 	g each of Bmp7 and Gdf7, the angle of deflection was 46.5  1.1
SEM (n  32), significantly larger than that evoked by BMP7 (probability of similarity between the angles, p  0.0001). Increasing the amount
of Bmp7 cDNA used for transfections several-fold did not increase the response of commissural axons significantly over that shown for 1 	g
(data not shown).
Scale bar, 100 	m.
a reorientation of commissural axons of 14 (Figures evoked an angle of 46 (Figures 5C and 5E). Thus, when
BMP7 is expressed under conditions that promote het-5B and 5D), whereas COS cells expressing the same
absolute level of BMP7 but coexpressed with GDF7 erodimer formation with GDF7, there appears to be an
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increase in specific activity over that of the homodimer
of at least 3.5-fold. Together, these results support the
view that GDF7 and BMP7 form a heterodimer with en-
hanced activity in commissural axon reorientation.
Bmp7 and Gdf7 Are Required In Vivo for the Early
Navigation of Commissural Axons
The requirement for both Bmp7 and Gdf7 in the roof
plate-repellent activity in vitro raises the question of
whether BMPs have a role in the guidance of commis-
sural axons in vivo. To test this, we compared, at E11.5,
the initial trajectory of commissural axons in wild-type,
Bmp7/, Gdf7/, Bmp6/, and Gdf7/;Bmp7/ mutant
embryos.
At the embryonic age at which commissural axons first
extend, the roof plate and surrounding tissue appeared
normal in Bmp mutants (Figure 2 and see Lee et al.,
1998). Nevertheless, we determined whether the posi-
tion of generation and settling of commissural neurons
or the response properties of their axons are altered
by the loss of Bmps. We examined this issue first by
measuring the position and number of commissural neu-
rons in the dorsal spinal cord of wild-type and Bmp7/
embryos. Commissural neurons were identified with an-
tibodies to the LIM homeodomain proteins LH2A/B
(Liem et al., 1997) and to TAG-1 (Dodd et al., 1988). We
counted the number of commissural neurons present in
arbitrarily defined dorsal bins in sections of spinal cords
from wild-type and Bmp7/ embryos (Figures 6A and
6B). To avoid rostrocaudal differences inherent in the
development of the spinal cord, embryos were age
matched (E11.5) and were compared at brachial, tho-
racic, and lumbar levels (Figure 6C). The number and
position of LH2A/B/TAG-1 neurons in Bmp7/ mu-
tants was unchanged at all three spinal levels in compar-
ison to that in wild-type embryos (Figures 6C and 6D).
Second, we examined the ability of commissural ax-
ons in Bmp7/ and Gdf7/ mice to respond to roof
plate signals from wild-type mice. Commissural axons
in dorsal spinal cord explants taken from Bmp7/ and
Gdf7/ mice were reoriented by wild-type roof plate
explants to the same extent as commissural axons in
wild-type dorsal spinal cord explants (data not shown).
Together, these experiments suggest that neither the
generation and position of commissural neurons nor the
response properties of commissural axons were af-
fected by the loss of Bmp7.Figure 5. GDF7:BMP7 Heterodimers Show Enhanced Activity over
BMP7 Homodimers We next asked whether the path of initial extension
(A) Western blot, labeled with an 
-Myc antibody, showing levels of commissural axons was perturbed in the spinal cords
of BMP7 homodimer in supernatant from sister COS cell cultures as of Bmp mutant mice. Loss of a dorsal midline guidance
follows: Bmp7-expressing COS cells diluted with pMT23-expressing signal might be expected to result in a perturbation of
COS cells (BMP7 normalized), COS cells producing GDF7:BMP7 the normal ventral projection pattern, such that axons
heterodimer (GDF7:BMP7), COS cells expressing either Bmp7 project medially or even dorsally. In this analysis, we(BMP7 total) or Gdf7 (GDF7 total). Analysis of the net pixel intensity
took advantage of the rostral to caudal progression ofof each band demonstrated that the levels of BMP7 in normalized
supernatant compared to GDF7:BMP7 supernatant are indistin-
guishable. In this experiment, the ratio of the level of either BMP7
or GDF7 expressed alone to that expressed as heterodimer was cells at the same level as that secreted by COS cells expressing
10:1. On average (n  6), the ratio of the relative levels of BMP7 or GDF7:BMP7 heterodimers. Average angle of deflection: 13.8  1.3
GDF7 protein produced in single transfections compared to cotrans- for normalized BMP7 (n  30), 46.1  1.2 for angle of deflection
fections was 5:1. GDF7:BMP7 (n  30). (BMP7 and GDF7 expressed alone evoked
(B and C) The response of commissural axons, labeled with 
-TAG-1 angles of deflection as before; BMP7, 30.1  1.3; GDF7, 3.7  1.5,
antibodies (green), to COS cell aggregates expressing either the respectively.) The mean reorientation activity of the heterodimer-
normalized levels of BMP7 shown in (A) and (B) or GDF7:BMP7 expressing COS cells was approximately 3.5-fold higher than that
heterodimers as shown in (A) and (C). COS cells expressing BMPs of the homodimer-expressing cells. This value may underestimate
are labeled with an 
-myc antibody (blue). the degree of enhancement since it is restricted by the maximum
(D) Quantitation of activity of BMP7 homodimer secreted by COS extent of axon reorientation possible in the assay.
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Figure 6. Analysis of Commissural Neuronal Position in Wild-Type and Mutant Embryos
(A and B) Sections of wild-type spinal cord to illustrate method of measurement. Sections were double labeled with 
-TAG-1 antibodies
(green) and 
-pLH2 antibodies (red) . The dorsal region was divided arbitrarily into equal-sized bins (extent of bins 1–3 shown in [B]), and the
number of LH2A/B/TAG-1 cell bodies was counted within each bin.
(C and D) One hundred and forty-seven sections of spinal cords from three wild-type embryos and sixty-seven sections from three Bmp7/
mice were measured. Commissural neuron number per bin was plotted (C) for lumbar, thoracic, and brachial sections. Analysis of wild-type
embryos revealed a caudal to rostral shift in the commissural neuron population; from lumbar to brachial regions, the total number of
commissural neurons increased, and the entire population shifted ventrally (C), in concordance with the known migration patterns of developing
commissural neurons. The number of neurons per bin in Bmp7/ sections was not significantly different in any bin from the number in wild-
type sections. Average numbers of neurons per bin were as follows. Lumbar, bins 1–3: wild-type, 0.27  0.2, 1.92  0.2, 3.04  0.2; Bmp7/,
0.31  0.3, 1.36  0.3, 2.87  0.25. Thoracic, bins 1–3: wild-type, 0.05  0.05, 0.74  0.2, 4.64  0.3; Bmp7/, 0.13  0.07, 1.33  0.2, 5.13 
0.3. Brachial, bins 1–3: wild-type, 0.04  0.02, 0.65  0.3, 4.91  0.5; Bmp7/, 0.07, 1.0, 5.6.
(D) Average numbers of neurons per bin across the entire rostrocaudal extent in wild-type and Bmp7/ mice were as follows. Bin 1: wild-
type, 0.062  0.05; Bmp7/, 0.16  0.1, not significantly different (p  0.08); bin 2: wild-type, 0.80  0.3; Bmp7/, 1.3  0.3 (p  0.01); bin
3: wild-type, 4.6  0.3, Bmp7/, 4.85  0.3 (p  0.4).
Note: Lee et al. (1998) have shown that a class of commissural neurons is absent in Gdf7/ mutants, this population is born in wild-type
embryos at E12.5, i.e., only after the events analyzed in our experiments, and is thus distinct from the population under consideration here.
commissural neuron differentiation within the spinal bryos, many commissural axons extended medially to-
ward the lumen of the spinal cord (Figure 7C). Thecord (Nornes and Carry, 1978) to examine three phases
of commissural axon extension. At E11.5, all commis- incidence of medial extension of commissural axons
appeared similar in Bmp7/ and Gdf7/ embryos andsural axons observed at lumbar levels of the spinal cord
represent the initial projections of newly generated neu- was quantitated in sections from Bmp7/ mice. In lum-
bar spinal cord of Bmp7/ embryos, 42% of LH2A/B/rons. At thoracic levels, the axons of both newly gener-
ated and older commissural neurons are present, pro- TAG-1 neurons extended axons medially, compared
with 15% in wild-type embryos (Figure 7G). In addition,viding the opportunity to observe a slightly more
developed axonal trajectory. At brachial levels, the in sections from Bmp7/and Gdf7/ mice, commissural
neurons also projected dorsally toward the roof plategeneration of this population of commissural neurons is
largely complete and the axonal trajectory considerably (Figures 7B and 7D) and sometimes crossed the midline
(Figure 7D), a phenomenon that was not observed inmore advanced than that at lumbar levels.
Initial Commissural Axon Projections in Lumbar wild-type sections. These observations at lumbar levels
suggest that the loss of Bmps results in a perturbationSpinal Cord
In sections from wild-type embryos, the vast majority of the initial extension of commissural neurons.
Mid-Stage Commissural Axon Projectionsof axons at lumbar levels took an initial ventrolateral
path away from the roof plate (Figures 7A and 7G). In in Thoracic Spinal Cord
In sections from thoracic spinal cord of wild-type em-Bmp6/ embryos, commissural axons projected as in
wild-type embryos (data not shown). In contrast, in lum- bryos, fewer than 2% of commissural axons extended
medially (Figures 7E and 7G), whereas in sections frombar spinal cord sections from Bmp7/ and Gdf7/ em-
Neuron
396
Figure 7. Elimination of Bmp7 or Gdf7 Causes Misrouting of Commissural Axons In Vivo
(A–F) Immunofluorescence micrographs of coronal sections of wild-type (A and E), Bmp7/ (B–D), and Gdf7/ (F) E11.5 mouse lumbar and
thoracic spinal cords, labeled with 
-TAG-1 antibodies. Arrows indicate medially extending processes, closed arrowheads show dorsally
extending processes, and open arrowheads in (A), (D), and (F) show axons extending ventrally. Closed arrowhead in (D) indicates commissural
axons crossing the roof plate. Medially and dorsally projecting TAG-1 processes could be the trailing processes of late-developing commissural
neurons migrating from the midline or the axons of misplaced commissural neurons that settle in unusual dorsal positions. Although there
are no markers specific for the trailing processes of commissural neurons, we have observed that these processes express -tubulin but not
TAG-1 in wild-type sections (our unpublished data). All of the divergent processes observed in the mutant embryo sections express TAG-1
as well as -tubulin, suggesting that they represent commissural axons extending aberrantly rather than the trailing central processes of
developing neurons.
(G) The numbers of TAG-1 processes extending medially (including both dorsomedial and ventromedial projections) were counted at lumbar,
thoracic, and brachial levels in the dorsal-most third of coronal sections of E11.5 spinal cord. Axons were counted in three wild-type and
three Bmp7/ embryos and expressed as a percentage of the number of LH2A/B neurons. At lumbar levels, 15.3%  4% of commissural
neurons in wild-type sections (n  36 axons total in 31 sections) extended axons medially, whereas in Bmp7/ sections, 42.0%  8% of
commissural axons (n  94 axons total in 30 sections) projected medially (probability of similarity with wild-type, p  0.001). At E11.5, the
population of commissural neurons at lumbar levels is nascent, and all neurons are in the initial stages of extension. At thoracic levels, 1.8% 
0.5% of commissural neurons in wild-type sections (n  19 axons total in 26 sections) extended medially compared to 17.1%  5% of
commissural neurons in Bmp7/ sections (n  156 axons total in 33 sections; probability of similarity to wild-type, p  0.0001). At brachial
levels, 0.7%  0.2% of commissural axons projected medially in wild-type sections (n  11 axons total in 31 sections), whereas 5.4%  3%
of commissural neurons had extended axons medially in Bmp7/ sections (n  35 axons total in 15 sections; probability of similarity with
wild-type, p 0.0001). The incidence of medial processes in Gdf7/ appeared similar to those in Bmp7/ mice (F), but they were not counted.
Scale bars, 10 	m (A and B), 50 	m (C–I), and 25 	m (H–L).
Bmp7/ and Gdf7/ mice (Figure 7F), a substantial frac- bryos, axons never extended toward or across the roof
plate (Figures 8A, 8B, and 8H). In contrast, in Bmp7/tion, 17% measured in Bmp7/ mice, of axons extended
medially (Figure 7G). The more advanced state of devel- and Gdf7/ embryos, significantly more commissural
axons extended toward or into the roof plate (Figuresopment of the commissural axon projection at thoracic
levels provided an opportunity to assess the frequency 8B–8G; 2.4% in Bmp7/ and 4% in Gdf7/ embryos).
These processes included some that were short, likeof dorsal midline crossing of commissural axons. To
quantitate dorsal extensions of commissural axons, we those in wild-type, and many that extended over much
greater distances. Furthermore, 0.2% of commissuralused whole-mount preparations of thoracic spinal cord
from wild-type and Bmp7/, Gdf7/, and Gdf7/;Bmp7/ axons in Bmp7/ mice and 0.3% of commissural axons
in Gdf7/ mice crossed the dorsal midline (Figuresembryos.
In wild-type whole-mount preparations, 0.9% of 8C–8F and 8H). In Gdf7/;Bmp7/ embryos, a similar
phenotype was observed; 3.4% of commissural axonsLH2A/B neurons had TAG-1 processes that appeared
to initiate dorsally (Figure 8G). These processes were projected dorsally (Figure 8G), and 0.4% of TAG-1 ax-
ons crossed the dorsal midline (Figure 8H). The inci-short and limited to the immediate vicinity of commis-
sural neuron cell bodies. Moreover, in wild-type em- dence of medial and dorsal commissural axon projec-
GDF7:BMP7 Heterodimers in Axon Guidance
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Figure 8. Analysis of Dorsal Misprojections
of Commissural Axons in Bmp7/, Gdf7/,
and Gdf7/;Bmp7/ Mice In Vivo
(A–F) Whole-mount fillet preparations of wild-
type (A and B), Bmp7/ (C and D), and Gdf7/
(E and F) E11.5 mouse spinal cords, labeled
with 
-TAG-1 antibodies (green) and 
-pLH2
antibodies (red). Commissural axons were
defined as TAG-1 processes emanating
from pLH2 cell bodies. Spinal cords were
cut open ventrally and flattened so that the
roof plate lay in the center of the whole mount.
Dotted lines indicate the extent of the roof
plate in (A), (C), and (E). Arrows in (C) and (E)
show dorsally extending processes in
Bmp7/ and Gdf7/ preparations. Closed ar-
rowheads indicate axons crossing the mid-
line. (B), (D), and (F) show the TAG-1 labeling
alone of the same preparations at higher
magnification. In wild-type embryos, axons
were not observed within the roof plate region
(A and B).
(G and H) Quantitation of dorsal extensions.
In wild-type whole-mount fillets (n  23), the
axons of commissural neurons (n  9083)
were never observed within the roof plate re-
gion. In the mutants, TAG-1 axons were ob-
served extending toward the roof plate and
crossing the midline. In Bmp7/ whole
mounts (n  14), 2.4%  0.07% of axons
from commissural neurons (n  4113) were
dorsally mispolarized, and 0.2%  0.03% of
commissural axons actually cross the roof
plate (probability of similarity to wild-type,
p 0.0002 and p 0.0009, respectively). For
Gdf7/ whole mounts (n  5), 4.0%  0.2%
commissural axons (n 2535) were mispolar-
ized, and 0.3%  0.08% of axons cross the
roof plate (probability of similarity to wild-
type, p 0.0001 and p 0.002, respectively).
The Gdf7/;Bmp7/ double mutant had a
similar phenotype to the single mutants; in
four whole mounts, 3.4%  0.3% of axons
(n  1493) were mispolarized, and 0.4%  0.08% of axons cross the roof plate (probability of similarity to Bmp7/, p  0.22 and p  0.62,
respectively; probability of similarity to Gdf7/, p  0.05 and p  0.74, respectively).
Scale bars, 10 	m (A and B), 50 	m (C–I), and 25 	m (H–L).
tions at the thoracic level support our observations on Discussion
the initial projections of these neurons in lumbar spinal
The roof plate secretes a diffusible activity that repelscord and indicate that, with development, a significant
commissural axons in vitro and which appears to benumber of axons cross the dorsal midline commissural
mediated by BMPs. Nonetheless, the BMP species re-axons in the absence of roof plate Bmps.
sponsible for roof plate chemorepulsion and the roleLater Commissural Axon Projections in Brachial
of BMPs in commissural axon guidance in vivo haveSpinal Cord
remained unclear. We show here that both BMP7 andIn sections from brachial levels of wild-type embryos,
GDF7 are required for roof plate-repellent activity and0.7% of LH2A/B neurons in the dorsal third of brachial
for the guidance of commissural axons in vivo and thatspinal cord had axons extending medially. In contrast,
these two proteins appear to act cooperatively. Coex-in Bmp7/ and Gdf7/ spinal cord, a small subset of
pression of Gdf7 and Bmp7 in COS cells results incommissural axons still project medially (5.4% in
GDF7:BMP7 heterodimer formation and confers in-Bmp7/ mice; Figure 7G). However, the extent of com-
creased chemorepellent potency. Taken together, thesemissural axon misprojections is diminished compared
results support a model in which the roof plate directsto thoracic levels.
the early trajectory of commissural axons by secretingTaken together, these observations suggest that
a GDF7:BMP7 heterodimer.Bmp7 and Gdf7 are required for the direction of initial
routing of commissural axons in vivo but also suggest
that the initial high incidence of mispolarization of com- Dispensability of Bmp6 in the Roof Plate
missural axons observed in Bmp7/ and Gdf7/ mice What are the relative contributions of roof plate BMPs
to the chemorepellent activity in vitro? Elimination ofis later restored to a ventral trajectory.
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Bmp6 does not alter the activity of the roof plate, and bers of the TGF- family (D’Alessandro et al., 1994; Aono
et al., 1995; Hogan, 1996; Israel et al., 1996; Suzuki etBmp6/ mice do not display any obvious phenotype,
suggesting that BMP6 functions redundantly with other al., 1997a; Chang and Hemmati-Brivanlou, 1999) and
that these heterodimers are active in vitro. In particular,BMPs in embryonic development (Solloway et al., 1998).
In support of this, cardiac cushion induction requires heterodimers comprising BMPs or TGF- family mem-
bers have shown activity enhanced from 2- to 20-foldBmp6 and Bmp7 but is not affected by loss of either Bmp
alone (Kim et al., 2001). However, BMP6 is ineffective at over the relevant homodimers (D’Alessandro et al., 1994;
Aono et al., 1995; Israel et al., 1996; Suzuki et al., 1997b),orienting commissural axons in vitro, and the loss of
Bmp6 on a Bmp7/ background did not further alter contributing to the idea that heterodimers may represent
relevant forms of BMP in vivo. Nonetheless, geneticthe roof plate phenotype. Thus, it is unlikely that BMP6
contributes to the roof plate chemorepellent activity. experiments to determine whether heterodimers medi-
ate the coordinate activity of pairs of Bmps in vivo haveNonetheless, the lack of an effect of BMP6 in the
reorientation of commissural axons in vitro and the ab- not resolved whether the increased activity is due to
the presence of two homodimers acting synergisticallysence of an effect in the Bmp6/;Bmp7/ double mu-
tant is puzzling. BMP6 shares 87% amino acid identity (Katagiri et al., 1998; Chang and Hemmati-Brivanlou,
1999; Schmid et al., 2000). Indeed, the cooperative activ-with BMP7 in its mature region, and the two BMPs are
thought to interact with similar receptors to activate the ity of BMP4 and BMP8B in the induction of murine germ
cells depends on separate receptor complexes, andsame downstream targets (ten Dijke et al., 1994; Macias-
Silver et al., 1998; Ebisawa et al., 1999; Aoki et al., 2001). synergism in their activity is proposed to reside at the
second messenger level (Aoki et al., 2001; Ying et al.,Moreover, BMP6 and BMP7 have similar effects in other
neural assays (Alder et al., 1999; Augsburger et al., 1999; 2001).
One feature that distinguishes our results from theseNonner et al., 2001), including the specification of com-
missural neuron fate (Liem et al., 1997; Augsburger et prior studies in nonneural contexts is that one member
of the pair, GDF7, is inactive in vitro as a homodimer,al., 1999; Lee et al., 2000). Recent results show that
BMP6 but not BMP7 is active in the stimulation of neurite providing strong support for the functional importance
of heterodimer formation in this neural system. Our dataoutgrowth from cerebellar granule neurons, despite sim-
ilar activities of the two proteins in the induction of the are consistent with two potential models for the percep-
tion of heterodimer signaling. In the first model, a singlesame cells (Yabe et al., 2002), providing further evidence
for the differential activities of BMP7 and BMP6 on neu- receptor complex on commissural axons responds pref-
erentially to the GDF7:BMP7 heterodimer, less well torites. Our findings imply that the commissural axon ori-
enting activity of BMP7 is mediated via receptors that the BMP7 homodimer, and not to the GDF7 homodimer.
A second model invokes the idea that the BMP7 homodi-are functionally distinct from those activated by BMP6.
mer and the GDF7:BMP7 heterodimer interact with dis-
tinct receptors in vivo, with one receptor respondingA Role for GDF7:BMP7 Heterodimers
preferentially to the heterodimer and one to the BMP7in Chemorepulsion
homodimer. Regardless of which model operates inAblation of either Bmp7 or Gdf7 reduces roof plate
vivo, our results imply the existence of receptors onchemorepellent activity. Moreover, although the BMP7
growth cones of commissural axons that are tuned pri-homodimer repels commissural axons in explants, the
marily to GDF7:BMP7 heterodimer activation.loss of activity by the roof plate in the Bmp7/ mutant
is the same as that in Gdf7/ or Gdf7/;Bmp7/ double
mutants. Thus, Bmp7 and Gdf7 appear to act coordi-
What Are the Relevant Receptorsnately, not redundantly, in the roof plate. The codepen-
for the GDF7:BMP7 Heterodimer?dence of Bmp7 and Gdf7 in vivo coupled with the lack
At present, little is known about the receptor specificitiesof activity of GDF7 as a chemorepellent in vitro raised
of heterodimeric BMPs and how they are related to thosethe possibility that the repellent activity of the roof plate
of BMP homodimers. BMP7 homodimers bind to thedepends on GDF7:BMP7 heterodimer formation. This
serine/threonine kinases that comprise the heteromericidea is supported by the observation that the
type I and II receptor complexes for BMPs, BMPR-IA,GDF7:BMP7 heterodimer forms and is active as a com-
BMPR-IB and Act-RI, and to BMPR-II (ten Dijke et al.,missural axon repellent. In preliminary experiments to
1994; Nohno et al., 1995; Rosenzweig et al., 1995; Liudetermine whether the heterodimer acts directly on
et al., 1995; Yamashita et al., 1995), and the efficiencygrowth cones, as previously shown for BMP7 (Augs-
of binding depends on the composition of individualburger et al., 1999), we have found that, although GDF7
receptor complexes (ten Dijke et al., 1994; Nohno et al.,has little or no activity, the supernatant of COS cells
1995; Nishitoh et al., 1996). The receptor selectivity ofsecreting the GDF7:BMP7 heterodimer causes the acute
GDF7 is not known, but GDF5, a highly-related BMPcollapse of commissural growth cones (S.J.B. and J.D.,
(Storm et al., 1994), binds to BMPR-IB and BMPR-II butunpublished data). Taken altogether, our data invoke
not to BMPR-IA (Nishitoh et al., 1996). BMPR-IB alsothe existence and activity of this heterodimer in vivo.
appears to act as a receptor for GDF5 in mouse limbThe response of commissural axons in dorsal spinal
chondrogenesis (Baur et al., 2000; Yi et al., 2000). Thecord explants to COS cells secreting the GDF7:BMP7
similar phenotypes of seminal vesicle development inheterodimer is at least 3.5-fold greater than the response
Gdf7/ mice and in BmpR-IB mutants supports the ideato equivalent amounts of BMP7 alone or to BMP7 and
that GDF7 may have a receptor range similar to that ofGDF7 present as homodimers. Several other studies
have shown that heterodimers can form between mem- GDF5 (Settle et al., 2001).
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E11.5 embryos were used to measure (1) the percentage of mediallyGdf7 and Bmp7 Are Required for the Early
mispolarized commissural axons by counting the number of LH2A/Navigation of Commissural Axons In Vivo
B neurons that extended TAG-1 axons toward the roof plate orOur results support the notion that GDF7:BMP7 is a
lumen of the spinal cord, (2) commissural neuron migration by count-
primary mediator of the roof plate-repellent activity and ing the number of LH2A/B neurons in equally sized bins of arbitrary
functions as a potent signal in the guidance of commis- units (see Figure 6B) on either side of the roof plate, taking the
lumen as the midpoint.sural axons in vivo. Notably, the commissural axon pro-
Whole-mount preparations of thoracic E11.5 spinal cord werejection in vivo is disturbed at early stages of spinal cord
dissected from the surrounding mesoderm without dispase treatment.development in Bmp mutants. A repellent signal from
The explant was cut along the ventral midline, embedded in collagenthe roof plate might act to polarize commissural neurons
(BD Biosciences), and then immediately fixed and immunolabeled.
such that axonogenesis occurs basolaterally, leading To quantitate the dorsal and dorsolateral extensions of commissural
to default ventral extension of axons. Alternatively, a neurons, the total number of LH2A/B neurons in the two rows
flanking the roof plate were scored for the number of TAG-1 projec-repellent signal from the roof plate might act to direct
tions that were either “dorsally extending” (axon mispolarized dor-commissural axons ventrally, independent of their site
sally but not entering the roof plate) or “crossing” (axon extendingof axonogenesis. In either case, the loss of the roof
more than half way across the roof plate). Numbers of mispolarizedplate guidance signal would be expected to disrupt the
and crossing axons were expressed as percentages of the total of
direction of initial extension. Consistent with this view, LH2A/B neurons.
we observed medial misrouting of 40% of commis-
sural axons as they first extended in Bmp7/ mice, a Explant Cultures
value that suggests a randomization in the direction of Explants of E11 rat dorsal spinal cord and E9.5 and E10.5 mouse roof
initial axonal extension. plate were dissected, cultured, and immunolabeled as previously
described (Augsburger et al., 1999).At later developmental stages, however, there ap-
pears to be a diminishing influence of the loss of Bmps
Immunohistochemistryon the direction of commissural axon extension. Indeed,
Antibodies were used as follows: 
-TAG1 (mAb 4D7; Dodd et al.,the projection of commissural axons to the ventral mid-
1988) at 1:6; 
-LH2A/LH2B (L1, rabbit 
-p-LH2; Liem et al., 1997)line is not noticeably disrupted at later stages in Bmp7
at 1:2000; 
-myc (mAb 9E10; Evan et al., 1985) at 1:4; 
--tubulinmutant embryos (data not shown). Thus, many commis-
(mAb Tuj1, Covance) at 1:1000. Cy3-, Cy5-, or FITC-coupled second-
sural axons recover their correct projection pattern after ary antibodies were used. Images were collected on a Zeiss confocal
an initial mispolarization, even in the absence of BMP LSM510.
activity. The fate of the axons that are misrouted in the
mutants is unclear; those neurons with misrouted axons COS Cell Transfections
may later establish a correct pathway by generating new COS-7 cells were transfected and aggregated as previously de-
scribed (Shah et al., 1997). BMP7 (human homolog) and GDF7axons or by correcting the axonal course in response
(mouse homolog) were expressed using pMT23 (Hume and Dodd,to other signals. This apparent recovery may reflect
1993). All Bmp constructs consisted of the myc-tagged mature re-functional redundancy with other, as yet unknown, fac-
gion of the individual BMP and the proregion of BMP2 (Liem et al.,
tors that are expressed later in development and restore 1997; Shah et al., 1997; Lee et al., 1998; Augsburger et al., 1999).
pathfinding. However, none of the other potential axon The size of the COS cell pellet was approximately consistent. In
guidance factors expressed by the roof plate tested so cell-mixing experiments, the same amount of Bmp7, Gdf7, or pMT23
cDNA was transfected for each condition, whereas in cotransfectionfar (Augsburger et al., 1999; Brose et al., 1999) can repel
experiments, although differing amounts of Bmp7, Gdf7, or pMT23commissural axons in vitro.
cDNAs were mixed together, the final concentration of cDNA wasIn summary, our findings provide evidence of a role
the same for comparable COS cells.
for BMPs in the guidance of commissural axons both
in vitro and in vivo. The active species of BMP in the
Biochemical Analysis of COS Cell Productsguidance of commissural axons by the roof plate ap-
COS cell-conditioned medium (CM) was made by transfecting COS
pears to be a GDF7:BMP7 heterodimer. As our under- cells with pMT23, Bmp7, Gdf7, or 50:50 Bmp7 and Gdf7. After 18
standing of BMP heterodimer formation and the accom- hr, the cells were washed and incubated in serum-free Opti-MEMI
(pen/strep/L-glu) and CM collected 48–72 hr later. For immunopre-panying diversity in BMP activity improves, it will be
cipitations, 1 	g of 
-GDF7 antibodies (I16; Santa Cruz Biotechnol-important to define further the range of activities in which
ogy) and 0.05% NP-40 were added to CM, incubated for 1 hr at 4CBMP heterodimers are used in vivo and the extent to
followed by ProteinG Sephadex 4 Fast Flow (Amersham Pharmacia;which BMPs have other roles in axonal guidance.
1 hr, 4C). Proteins were separated on reducing SDS gels, trans-
ferred to Western blots, and probed with 
-myc (9E10, 1:100) or

-GDF7 (I16, 1:100) antibodies.Experimental Procedures
Western blots were developed using either Supersignal West Pico
chemiluminescent substrate or Supersignal West Femto MaximumGeneration and Analysis of Mutant Mice
Bmp7 and Bmp6 mutant mice were gifts of E. Robertson, and Gdf7 Sensitivity substrate (Pierce), and the net pixel intensity of individual
bands was measured by densitometry using a Kodak Image Stationmutant mice were a gift of Kevin Lee and Tom Jessell. It was possible
to generate only small numbers of mice mutant for both Bmp7 400.
To normalize the level of BMP7 expressed by COS cells, CMand Gdf7 (Gdf7/;Bmp7/). Embryos were genotyped by PCR (for
primer sequences see Dudley et al., 1995; Solloway et al., 1998; Lee was prepared from a BMP7 dilution series made by mixing Bmp7
transfected COS cells with pMT23 transfected cells in 5% incre-et al., 1998). All mice are in the same inbred genetic background
(129/Sv), and there was no significant difference in the angle of ments. Using Western analysis and densitometry, equal amounts
of CM from this series were compared with an aliquot of CM fromdeflection of commissural axons in dorsal spinal cord explants by
roof plate explants from wild-type siblings of the three mutants COS cells concomitantly cotransfected with Bmp7 and Gdf7. COS
cells expressing BMP7 at the same level as that expressed by co-(Bmp7/, Bmp6/, and Gdf7/).
Thirty-micrometer coronal cryostat cross sections of the spinal transfected COS cells were used to compare the effects of BMP7
presented either as a homodimer or a heterodimer.cord from different rostral-caudal levels of wild-type or Bmp7/
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